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Abstract 

How the Human T lymphotropic virus type 1 (HTLV-1) Tax protein stimulates proliferation while triggering cell 
cycle arrest and senescence remains puzzling. There is also a debate about the ability of Tax to activate or inhibit 
the DNA damage response. Here, we comment on these different activities and propose a conceptual rationale for 
the apparently conflicting observations. 



Background 

Most cells undergo senescence or apoptosis when they 
overexpress oncogenes such as Ras, Mos, or Myc in 
vitro [1,2]. First considered as an artifact due to non- 
physiological experimental settings, oncogene-induced 
senescence (OIS) has been reproducibly demonstrated 
to occur in human preneoplastic lesions. It is now 
accepted that these barriers are triggered in response to 
unscheduled cellular division and act as innate tumor- 
suppressive mechanisms in vivo [1,2]. 

Like other oncogenes, the HTLV-1 Tax protein transi- 
ently brakes cell cycle progression or even initiates apopto- 
sis and senescence programs [3-13]. On the other hand, 
Tax also favors cell proliferation by modulating Gl/S tran- 
sition and DNA replication processes [14-16]. In vivo cell 
dynamic studies based on deuterated glucose incorpora- 
tion methods revealed that HTLV-1 persists because Tax, 
likely in concert with other viral proteins, actively 
increases infected cell division [17]. Similar conclusions 
were drawn from animal models [18-20] supporting the 
ability of Tax to promote cell division. What dictates the 
choice between Tax-stimulated proliferation and transient 
or irreversible cell cycle arrest is still unclear. 

Tax-induced DNA damage and cell cycle arrest 

Cell cycle arrest triggered by oncogenes results from an 
initial highly proliferative state associated with altered 
DNA replication (e.g. unscheduled firing replication of 
origins, re-replication or fork collapses) and 
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mitochondrial dysfunctions (increased reactive oxygen 
species (ROS) production) leading to the formation of 
double strand breaks (DSB). Subsequent engagement of 
the DNA damage response pathway (DDR) then halts 
cell cycle progression [21-23]. If DNA lesions are 
quickly and properly fixed, cells resume normal prolif- 
eration while severe DNA damage drives cells into 
senescence. Apoptosis is an additional outcome of this 
process probably depending on the cell type and the 
extent, the duration or the nature of the damage 
[21-23]. 

Overall, onset of DNA damage that alerts the DDR 
machinery is the critical step in oncogene-induced cell 
cycle arrest. Recently, we and others described two novel 
mechanisms by which Tax compromises genome stability 
[8,16,24]. Tax indeed generates replication-dependent and 
oxidative DSB, respectively, by modulating the timing of 
replication origins activation and induction of ROS [8,16]. 
These Tax-associated activities correlate with activation of 
several DDR pathway components (ATM, CHK2, H2AX, 
p53) providing a molecular basis for Tax-induced transient 
cell cycle arrest, senescence or apoptosis [8,10,16,25,26]. 
Conceptually, Tax-mediated cell cycle arrest thus appears 
as a classical DDR whose outcome would be determined 
by the extent of DNA lesions. 

In human cells, DDR signaling cascades converge to 
trigger two powerful tumor suppressor pathways, p53/ 
pl9 ARF and Rb/pl6 INK4a [1]. At a first glance, the fact that 
Tax evokes senescence independently of these two path- 
ways seems to contradict the DSB/DDR concept [7]. It 
should, however, be stressed that molecular mechanisms 
initiating Tax-induced senescence have only been exam- 
ined in p53-deficient cells [3,4,7]. In this type of cells, 
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Tax-induced senescence (TIS) has been correlated with 
activation of APC/C and NF-^B, a surge of p21 WAF1/CIP1 / 
p27 KIP1 expression and loss of Skp2 E3-ubiquitin ligase 
[3-7]. Skp2 inactivation has been proposed as an alterna- 
tive pathway of cellular senescence in conditions in which 
the classical p53 and pRb axes are compromised [27,28]. If 
senescence has a role in HTLV-1 biology, molecular cas- 
cades controlling this phenomenon thus remain to be clar- 
ified in an appropriate cellular model. On the other hand, 
Tax-expressing cells can also undergo apoptosis instead of 
senescence [12,13]. The mechanisms that direct the choice 
between apoptosis and senescence are still unknown, but 
likely depend on cellular (e.g. activation status) and viral 
parameters (e.g. expression levels). 

Although in vitro HTLV-1 infection halts cells in the Gl 
phase of the cell cycle [6], experimental evidence of Tax- 
induced cell cycle arrest and senescence in peripheral 
blood lymphocytes are indeed still lacking. In the rabbit 
model the tax/rex, env and gag/pol mRNAs were 
expressed first and at the highest levels immediately after 
infection [29]. Ex vivo culture of primary cells from 
infected patients also demonstrates that the tax/rex 
mRNA precedes expression of other viral transcripts [30]. 
Assuming that physiological levels of Tax would be suffi- 
cient to arrest cell cycle progression in vivo, this process 
would in fact preclude viral dissemination in the early 
steps of infection. It is well understood that this phenom- 
enon does not happen. As indicated above, senescence, 
and more broadly proliferative arrest, occurs in response 
to a mitotic burst engaged by oncogenic stimuli, a highly 
proliferative state reproducibly preceding DNA damage 
formation and DDR stimulation by oncogenes [1,21,31]. 
Importantly, acquisition of a senescence-like phenotype 
requires several days of Tax expression [3-8,12,13], while 
Tax-enforced cellular proliferation is an earlier event [16]. 



At the molecular level, accumulation of DNA lesions, acti- 
vation of DDR pathway components and acquisition of 
senescence markers in Tax-expressing cells occur follow- 
ing S phase acceleration/progression and require at least 
one passage through mitosis [4,16]. This is an essential 
observation demonstrating that Tax promotes cell division 
before triggering senescence. Cell cycle arrest observed in 
Tax-expressing cells thus appears to be a "collateral 
damage" originating from uncontrolled proliferation and 
subsequent genomic instability. In the course of HTLV-1 
infection, the DDR pathway could thus act as a failsafe 
mechanism to remove potentially harmful cells from the 
proliferative pool. It should be mentioned that Tax expres- 
sion would also expose cells to a strong immune response 
[17,32]. In fact, the key question is whether Tax-induced 
accelerated proliferation systematically ends up in cell 
cycle arrest and senescence. 

Dual interplay between Tax and the DNA damage 
response 

According to this model, the DDR machinery is a major 
barrier against Tax-induced proliferation apparently 
conflicting with a series of reports describing the ability 
of Tax to inhibit the DDR pathway [25,26,33-35]. These 
observations are in fact not contradictory and rely on 
the experimental settings. In the presence of DNA 
damaging agents, Tax indeed attenuates DDR signaling 
through sequestration and/or inhibition of critical pro- 
teins such as ATM, DNA-PK, CHK1-2 and p53 thereby 
restricting appropriate response to DNA damage and 
cell cycle arrest [25,26,33-36]. In the absence of geno- 
toxic stress, expression of Tax is sufficient to trigger 
strand breaks that alert the DDR machinery. However, 
Tax would limit the DNA damage response induced by 
its own genotoxic activities. This model could explain 




Senescence/Apoptosis 



Figure 1 The interplay between Tax and the DDR pathway dictates cell fate. In the early steps of HTLV-1 infection, Tax expression fuels 
unrestrained cells proliferation leading to DNA damage and engagement of the DDR pathway. Severity of genomic lesions determines the 
outcome of DDR activation: a transient cell cycle arrest allowing DNA repair and cell survival. If the damage cannot be repaired, cells undergo 
senescence or apoptosis. An intact DDR barrier would thus protect against malignancy. Checkpoint adaptation permits DNA damaged cells to 
proliferate, accumulate and fix mutations that can have detrimental, neutral, or positive effects on cell growth. Acquisition of growth-promoting 
mutations is the seed for ATL development, particularly when mutations abrogate the dependence on continued Tax-expression for growth. In 
this case, cells would indeed evade both DDR and immune response control. 
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why Tax-expressing cells are still able to reach mitosis 
and divide despite the presence of activated checkpoints 
[16]. In the context of infected cells, other viral factors 
such as HBZ could also contribute by inhibiting senes- 
cence induced by Tax [3]. This type of bypass of the 
DDR barrier has in fact been frequently observed during 
tumor development [21]. Evasion from senescence and 
cycle arrest would then allow DNA damaged cells to 
proliferate, fix and accumulate DNA lesions. While 
acquisition of lethal mutations would negatively affect 
infected cell fate, the fixation of growth promoting 
mutations could pave the way for leukemogenesis. 

As depicted in Figure 1, we propose that anti- and 
pro-proliferative functions of Tax are intimately linked 
and that the fate of Tax-expressing cells is dictated by a 
subtle balance between unscheduled proliferation, the 
extent of damage, the strength of checkpoints, and the 
effects of fixed mutations. 

Acknowledgements 

This work was supported by the "Fonds National de la Recherche 
Scientifique" (FNRS), the Televie, the Belgian Foundation against Cancer, the 
Sixth Research Framework Programme of the European Union (project INCA 
LSHC-CT-2005-0 18704), the "Neoangio" excellence program and the 
"Partenariat Public Prive" PPP INCA of the "Direction generale des 
Technologies, de la Recherche et de l'Energie/DG06" of the Walloon 
government, the "Action de Recherche Concertee Glyvir" of the 
"Communaute francaise de Belgique", the "Fonds speciaux pour la 
Recherche" of the University of Liege (ULg), the Synbiofor program of GxABT 
(ULg), the "Centre anticancereux pres ULg" (CAC) and the "Plan Cancer" of 
the "Service Public Federal". MB (Postdoctoral Researcher) and LW (Research 
Director) are members of the FRS-FNRS. We thank KT Jeang for advice and 
suggestions. 

Authors' contributions 

MB and LW wrote the manuscript. Both authors read and approved the final 
manuscript. 

Conflicts of interests disclosures 

The authors declare that they have no competing interests. 

Received: 21 November 2011 Accepted: 5 January 2012 
Published: 5 January 2012 

References 

1. Gorgoulis VG, Halazonetis TD: Oncogene-induced senescence: the bright 
and dark side of the response. Current opinion in cell biology 2010, 
22(6):8 16-827. 

2. Lowe SW, Cepero E, Evan G: Intrinsic tumour suppression. Nature 2004, 
432(7015)307-315. 

3. Zhi H, Yang L, Kuo YL, Ho YK, Shih HM, Giam CZ: NF-kappaB hyper- 
activation by HTLV-1 tax induces cellular senescence, but can be 
alleviated by the viral anti-sense protein HBZ. PLoS pathogens 201 1, 7(4): 
e1 002025. 

4. Yang L, Kotomura N, Ho YK, Zhi H, Bixler S, Schell MJ, Giam CZ: Complex 
cell cycle abnormalities caused by human T-lymphotropic virus type 1 
Tax. Journal of virology 201 1, 85(6):3001-3009. 

5. Zhang L, Zhi H, Liu M, Kuo YL, Giam CZ: Induction of p21(CIP1/WAF1) 
expression by human T-lymphotropic virus type 1 Tax requires 
transcriptional activation and mRNA stabilization. Retrovirology 2009, 6:35. 

6. Liu M, Yang L, Zhang L, Liu B, Merling R, Xia Z, Giam CZ: Human T-cell 
leukemia virus type 1 infection leads to arrest in the G1 phase of the 
cell cycle. Journal of virology 2008, 82(17):8442-8455. 



7. Kuo YL, Giam CZ: Activation of the anaphase promoting complex by 
HTLV-1 tax leads to senescence. EMBO J 2006, 25(8):1 741 -1752. 

8. Kinjo T, Ham-Terhune J, Peloponese JM Jr, Jeang Kl: Induction of reactive 
oxygen species by human T-cell leukemia virus type 1 tax correlates 
with DNA damage and expression of cellular senescence marker. J Virol 
2010, 84(1 0):5431 -5437. 

9. Kasai T, Jeang KT: Two discrete events, human T-cell leukemia virus type 
I Tax oncoprotein expression and a separate stress stimulus, are 
required for induction of apoptosis in T-cells. Retrovirology 2004, 1:7. 

10. Haoudi A, Daniels RC, Wong E, Kupfer G, Semmes OJ: Human T-cell 
leukemia virus-l tax oncoprotein functionally targets a subnuclear 
complex involved in cellular DNA damage-response. J BiolChem 2003, 
278(39):37736-37744. 

11. Liang MH, Geisbert T, Yao Y, Hinrichs SH, Giam CZ: Human T-lymphotropic 
virus type 1 oncoprotein tax promotes S-phase entry but blocks mitosis. 
J Virol 2002, 76(8):4022-4033. 

12. Chlichlia K, Khazaie K: HTLV-1 Tax: Linking transformation, DNA damage 
and apoptotic T-cell death. Chemico-biological interactions 2010, 
188(2):359-365. 

13. Rivera-Walsh I, Waterfield M, Xiao G, Fong A, Sun SC: NF-kappaB signaling 
pathway governs TRAIL gene expression and human T-cell leukemia 
virus-l Tax-induced T-cell death. The Journal of biological chemistry 2001, 
276(44):40385-40388. 

14. Lemoine FJ, Marriott SJ: Accelerated G(1) phase progression induced by 
the human T cell leukemia virus type I (HTLV-I) Tax oncoprotein. J 
BiolChem 2001, 276(34):31 85 1 -31 857. 

15. Haller K, Wu Y, Derow E, Schmitt I, Jeang KT, Grassmann R: Physical 
interaction of human T-cell leukemia virus type 1 Tax with cyclin- 
dependent kinase 4 stimulates the phosphorylation of retinoblastoma 
protein. MolCell Biol 2002, 22(10):3327-3338. 

16. Boxus M, Twizere JC, Legros S, Kettmann R, Willems L: Interaction of HTLV- 
1 Tax with minichromosome maintenance proteins accelerates the 
replication timing program. Blood 2011. 

17. Asquith B, Zhang Y, Mosley AJ, de Lara CM, Wallace DL, Worth A, 
Kaftantzi L, Meekings K, Griffin GE, Tanaka Y, et al: In vivo T lymphocyte 
dynamics in humans and the impact of human T-lymphotropic virus 1 
infection. ProcNatlAcadSciUSA 2007, 1 04(1 9):8035-8040. 

18. Gillet N, Florins A, Boxus M, Burteau C, Nigra A, Vandermeers F, Balon H, 
Bouzar AB, Defoiche J, Burny A, et al: Mechanisms of leukemogenesis 
induced by bovine leukemia virus: prospects for novel anti-retroviral 
therapies in human. Retrovirology 2007, 4:18. 

19. Debacq C, Gillet N, Asquith B, Sanchez-Alcaraz MT, Florins A, Boxus M, 
Schwartz-Cornil I, Bonneau M, Jean G, Kerkhofs P, et al: Peripheral blood B- 
cell death compensates for excessive proliferation in lymphoid tissues 
and maintains homeostasis in bovine leukemia virus-infected sheep. J 
Virol 2006, 80(1 9):971 0-971 9. 

20. Florins A, Boxus M, Vandermeers F, Verlaeten O, Bouzar AB, Defoiche J, 
Hubaux R, Burny A, Kettmann R, Willems L: Emphasis on cell turnover in 
two hosts infected by bovine leukemia virus: a rationale for host 
susceptibility to disease. Veterinary immunology and immunopathology 
2008, 125(1-2):1-7. 

21. Bartek J, Bartkova J, Lukas J: DNA damage signalling guards against 
activated oncogenes and tumour progression. Oncogene 2007, 
26(56):7773-7779. 

22. Halazonetis TD, Gorgoulis VG, Bartek J: An oncogene-induced DNA 
damage model for cancer development. Science 2008, 

31 9(5868):1 352-1 355. 

23. d'Adda di Fagagna F: Living on a break: cellular senescence as a DNA- 
damage response. Nature reviews Cancer 2008, 8(7):5 12-522. 

24. Majone F, Jeang Kl: Clastogenic effect of the human T-cell leukemia 
virus type I Tax oncoprotein correlates with unstabilized DNA breaks. J 
BiolChem 2000, 275(42)32906-32910. 

25. Gupta SK, Guo X, Durkin SS, Fryrear KF, Ward MD, Semmes OJ: Human T- 
cell leukemia virus type 1 Tax oncoprotein prevents DNA damage- 
induced chromatin egress of hyperphosphorylated Chk2. J BiolChem 
2007, 282(40):2943 1-29440. 

26. Durkin SS, Guo X, Fryrear KA, Mihaylova VT, Gupta SK, Belgnaoui SM, 
Haoudi A, Kupfer GM, Semmes OJ: HTLV-1 Tax oncoprotein subverts the 
cellular DNA damage response via binding to DNA-dependent protein 
kinase. The Journal of biological chemistry 2008, 283(52)3631 1-36320. 



Boxus and Willems Retrovirology 2012, 9:2 
http://www.retrovirology.eom/content/9/1/2 



Page 4 of 4 



27. Chan CH, Gao Y, Moten A, Lin HK: Novel ARF/p53-independent 
senescence pathways in cancer repression. J Mol Med (Berl) 201 1, 

89(9):857-867. 

28. Lin HK, Chen Z, Wang G, Nardella C, Lee SW, Chan CH, Yang WL, Wang J, 
Egia A, Nakayama Kl, et ah Skp2 targeting suppresses tumorigenesis by 
Arf-p53-independent cellular senescence. Nature 2010, 464(7287):374-379. 

29. Li M, Kesic M, Yin H, Yu L, Green PL: Kinetic analysis of human T-cell 
leukemia virus type 1 gene expression in cell culture and infected 
animals. Journal of virology 2009, 83(8):3788-3797. 

30. Rende F, Cavallari I, Corradin A, Silic-Benussi M, Toulza F, Toffolo GM, 
Tanaka Y, Jacobson S, Taylor GP, D'Agostino DM, et al: Kinetics and 
intracellular compartmentalization of HTLV-1 gene expression: nuclear 
retention of HBZ mRNAs. Blood 2011, 1 1 7(1 8):4855-4859. 

31. Di Micco R, Fumagalli M, di Fagagna F: Breaking news: high-speed race 
ends in arrest-how oncogenes induce senescence. Trends Cell Biol 2007, 
17(11):529-536. 

32. Boxus M, Willems L: Mechanisms of HTLV-1 persistence and 
transformation. BrJCancer 2009, 101 (9):1497-1 501 . 

33. Park HU, Jeong SJ, Jeong JH, Chung JH, Brady JN: Human T-cell leukemia 
virus type 1 Tax attenuates gamma-irradiation-induced apoptosis 
through physical interaction with Chk2. Oncogene 2006, 25(3):438-447. 

34. Chandhasin C, Ducu Rl, Berkovich E, Kastan MB, Marriott SJ: Human T-cell 
leukemia virus type 1 tax attenuates the ATM-mediated cellular DNA 
damage response. J Virol 2008, 82(1 4)6952-6961. 

35. Park HU, Jeong JH, Chung JH, Brady JN: Human T-cell leukemia virus type 
1 Tax interacts with Chk1 and attenuates DNA-damage induced G2 
arrest mediated by Chk1. Oncogene 2004, 23(29):4966-4974. 

36. Boxus M, Twizere JC, Legros S, Dewulf JF, Kettmann R, Willems L: The 
HTLV-1 Tax interactome. Retrovirology 2008, 5:76. 



doi:1 0.1 186/1 742-4690-9-2 

Cite this article as: Boxus and Willems: How the DNA damage response 
determines the fate of HTLV-1 Tax-expressing cells. Retrovirology 2012 
9:2. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at (^\ RioMM i r pnt ^\ 

www.biomedcentral.com/submit Blomea ^ enirai 



